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Summary

We have characterized eight dinucleotide (dC-dA)n (dG-
dT)n repeat loci located on human chromosome 13q in
eight human populations and in a sample of chimpanzees.
Even though there is substantial variation in allele frequen-
cies at each locus, at a given locus the most frequent alleles
are shared by all human populations. The level of hetero-
zygosity is reduced in isolated or small populations, such
as the Pehuenche Indians of Chile, the Dogrib of Canada,
and the New Guinea highlanders. On the other hand,
larger average heterozygosities are observed in large and
cosmopolitan populations, such as the Sokoto population
from Nigeria and German Caucasians. Conformity with
Hardy-Weinberg equilibrium is generally observed at these
loci, unless (a) a population is isolated or small or (b) the
repeat motif of the locus is not perfect (e.g., D13S197).
Multilocus genotype probabilities at these microsatellite
loci do not show departure from the independence rule,
unless the loci are closely linked. The allele size distribu-
tions at these (CA)n loci do not follow a strict single-step
stepwise-mutation model. However, this feature does not
compromise the ability to detect population affinities,
when these loci are used simultaneously. The microsatellite
loci examined here are present and, with the exception of
the locus D13S197, are polymorphic in the chimpanzees,
showing an overlapping distribution of allele sizes with
those observed in human populations.

Introduction

Length polymorphism associated with tandem-repeat vari-
ation of dinucleotide (dC-dA)n- (dG-dT)n sequences-
henceforth designated "(CA)n repeats"-in the human ge-
nome was first demonstrated in 1989, independently, by
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two groups of investigators (Litt and Luty 1989; Weber
and May 1989). Since then, thousands of such (CA)n loci
have been characterized. These loci are used extensively as
gene-mapping markers because they are highly polymor-
phic and are widely and uniformly dispersed throughout
the human genome. The most notable example of their
application is the recent generation of high-density linkage
maps of the human and mouse genomes (Dietrich et al
1994; Gyapay et al. 1994). These studies have demon-
strated that a great majority of the loci that have been
well characterized have heterozygosity levels in Caucasians
>70%. However, few studies, so far, have attempted to
characterize the population-genetic properties of this class
of highly polymorphic loci. Furthermore, Caucasian sam-
ples of mixed origins have been analyzed principally to
estimate allele frequency distributions at (CA)n loci. The
few studies (Kamino et al. 1993; Bowcock et al. 1994; Di
Rienzo et al. 1994) that surveyed these loci in non-Cauca-
sian populations either involved too few individuals or
considered amalgamated samples of individuals to repre-
sent a population. Therefore, accurate interpretation of
population dynamics of (CA)n loci has been somewhat
problematic.

In view of the considerations discussed above, we have
characterized a set of eight (CA)n repeat loci located on
human chromosome 13q in eight well-defined human
populations encompassing a wide ethnic and geographic
diversity. Furthermore, to study the antiquity of poly-
morphisms at these (CA)n arrays, a set of unrelated
chimpanzees has been analyzed at the same loci, using
primers designed from human sequence. The eight (CA)n
repeat markers were intentionally chosen to examine
how chromosomal linkage affects genotypic dependence
between loci in unrelated individuals within popula-
tions. We have studied the extent of allele frequency
variations at these loci and examined the conformity of
genotype frequencies to their Hardy-Weinberg predic-
tions and the extent of genotypic associations among
loci. We have addressed two additional questions: (1)
Does the variation observed at the (CA)n repeat
markers provide any insight into the mechanism(s) of
production of new alleles at these loci? (2) How useful
is this class of polymorphism for studying human mi-
crodifferentiation?
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Populations and Methods

Populations
The Samoan (SA) sample represents a distinct Polynesian

population, drawn from villages distributed throughout
American Samoa and Western Samoa. The Dogrib Indian
(DG) sample was drawn from Northwest Territories of
Canada and represents the Na-Dene group. The Pehuenche
Indians (PH), drawn from the Bio-Bio province of southern
Chile, constitute a branch of Araucanian Indians. The New
Guineans (NG) represent two linguistically different (Ka-
lam and Gainj) but culturally similar interbreeding groups
from the northern fringes of Papua New Guinea's central
highlands. The Kachari (KA) are a distinct Mongoloid pop-
ulation living on the plains of the northeastern Indian state
of Assam and are speakers of a Tibetoburman language.
The Caucasian sample is represented by a German (GR)
population drawn from northern Germany and by the un-
related parents from the CEPH (CP) cohort. The African
sample is represented by the Sokoto (SO) population from
northern Nigeria, who are predominantly members of the
Hausa tribe. Detailed anthropological characteristics of sev-
eral of these populations are presented elsewhere (Szath-
mary et al. 1983; Long et al. 1986; Deka et al. 1991).
The Chimpanzee (CH) DNA samples were obtained from
animals maintained at the Yerkes Regional Primate Re-
search Center, Atlanta, and the Veterinary Resources Divi-
sion, University of Texas M. D. Anderson Cancer Center,
Bastrop, TX. All chimpanzees are African born and are
presumably unrelated.

Laboratory Analsis
A summary of the genetic loci, their chromosomal loca-

tions, and primer sequences is given in table 1. For amplifi-
cation of the (CA)n repeat loci, one of the primers was end-
labeled using [y-32P]ATP and polynucleotide kinase T4. The
amplified products were separated on 6% denaturing poly-
acrylamide gels. Following electrophoresis, the gels were
dried, and allelic fragments were visualized by autoradiog-
raphy. In addition to using an M13 sequence ladder on
each gel as a size standard, the alleles were scored relative
to genotypes determined in two individuals of the CEPH
panel (see table 1). Figure 1 shows resolution of alleles at
locus D13S71, using this protocol.

Data Analsis
Since all loci are autosomal (on chromosome 13) and

detect codominant alleles, allele frequencies were obtained
by the gene-counting method (Li 1976a). Such counting
methods also readily yielded the allele-sharing statistics be-
tween populations.

Tests for Hardy-Weinberg expectations (HWE) are
based on three test criteria: X2 test on the basis of contrasts
of observed and expected heterozygosity/homozygosity;
log-likelihood ratio statistic (Weir 1991); and Guo and
Thompson's (1992) exact test for each locus-population

combination. For each test, the levels of significance were
empirically determined by shuffling (permutation) of alleles
across individuals, as employed in our earlier studies (Cha-
kraborty et al. 1991; Deka et al. 1991, 1992; Edwards et
al. 1992).

Tests for genotypic independence across loci were done
by a procedure described by Risch and Devlin (1992) and
Morton et al. (1993), with the exception of the significance
of the 2 x 2 contingency X2 statistic of differences of ob-
served and expected match frequencies of genotype pairs
of loci, which was judged by allele permutations as em-
ployed for the HWE tests.

Shriver et al.'s (1993) algorithm was used to generate a
simulation database for mutation-model fitting. The simu-
lation algorithm, described in that work, was extended to
encompass a larger range of heterozygosity and a larger
number of replications (100) of independent population
histories of evolution so that errors due to resampling from
the same replicated populations are mi niized. For the
infinite-allele model (IAM), the predictions for expected
number of alleles, as well as probabilities of observing less
than or equal to a given number of alleles, were analytically
evaluated by following the theory described by Chakra-
borty and Weiss (1991), which is also a part of Shriver et
al.'s (1993) algorithm.

Genetic-distance evaluations were made by employing
the bias-corrected procedure for Nei's standard distance
(Ds; Nei 1972) and modified Cavalli-Sforza distance (DA;
Nei et al. 1983). The standard errors of Ds were calculated
by procedures described by Nei (1972). An analogous
formula for standard errors of DA is not available. For
dendrogram construction from both genetic distances,
we used Saitou and Nei's (1987) neighbor-joining method,
in which the significance of branch lengths was evaluated
by bootstrapping.

Resulft

The allele frequencies at the eight loci examined in nine
populations, including the chimpanzees, are presented in
the appendix, table Al. Although a comprehensive presen-
tation of all data is not feasible, a few salient observations
emerge from the allele frequency distributions. The number
of alleles observed at these loci varies from 10, at the
D13S124 locus, to 31, at the D13S197 locus. The spectrum
of allelic variation is quite broad. For example, at the
D13S71 locus, the allele frequency variations across popu-
lations have a complete overlap of allele sizes. Even the
human and chimpanzee differences are reflected only at the
level of allele frequency variation. In contrast, the D13S197
locus shows substantial variation, even at the level of allele
sizes among human populations. The range of allele sizes
is the largest in the Caucasian samples (GR and unrelated
CEPH parents) and smallest in the PH sample. The chim-
panzees have only two alleles, with frequencies of .98 and
.02 at this locus.
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Table I

Summary of the Eight Microsatellite Loci Studied

CEPH REFERENCE
GENOTYPEa

CHROMOSOMAL PRIMER SEQUENCE
Locus (Clone Name) LOCATION (5' to 3') 133101 133102

FLT1 .13q12 {TTTGGCCGACAGTGGTGTAA} 170/182 168/168
AGGACCAAACCATGTCTGTC

D13S118 (Utsw1312) ......... 13q14 {CCACAGACATCAGAGTCCTT 190/194 190/190
tGAAATAGTATTTlGGACCTGGGJ

D13S121 (Utsw1305) ......... 13q31 {GCTTGAGGTCTCTATGGAAA l 168/170 162/170
111l'lCAGAACTCTGTACCAGGAJ

D13S71 (mfd44) ................. 13q32-q33 {GTATTlTTTGGTATGCTIGTGC 75/75 75/75
tCTATTTl-lGGAATATATGTGCCTJ

D13S122 (Utsw1334) ......... 13q31-q32 {TGGAAACCACCACTCTACTT} 87/97 87/107
tTGTGAACCTAGACTGGAATAAAI

D13S197 (HKCA1) ............ 13q31-q32 {TTAATTCCCTGGAGCAGACG | 97/97 126/128
TCAGAGAAGTGGGCATGATGJI

D13S193 (HKCA5) ............ 13q31-q32 GCAAGACCCCCATCTCTTAA} 147/147 145/147
tCTCACCCCACTCCATGTTCJ

D13S124 (Mfdl79) ............ 13q21 {CAAATTCAAATTCTTCCAGC} 185/191 185/185
a e o d ,GTACTCCTGCATGeTAG J

a'Genotypes for two CEPH individuals, 133101 and 133102, used as reference markers.

Notwithstanding the fact that there is substantial varia-
tion in frequencies of alleles within each locus, alleles shared
by all human populations account for most of the alleles.
From the data presented in the appendix (table Al), it is
clear that in 58 (90.6%) of a total 64 locus-population
combinations, the combined frequency of alleles that are
present in all the populations is ¢a50%. This figure rises
to >80% in 33 (51.5%) of the locus population combina-
tions. The average proportion of alleles shared by all popu-
lations over all loci varies from 60.5% to 92.6%. The
largest figures are observed in the DG (83.6%) and the PH
(92.6%) populations, which also indicate that within-locus
allelic variability is smaller in populations of smaller effec-

r_ In n I_ t I n M n aAC G- Ts N N rv 'rP r ri PI~~~~~~~~~~~~~~~~AC Cn u

Figure I Resolution of PCR-amplified alleles at the D13S71 locus.
The four left-hand lanes are an M13 sequencing ladder used as a size
marker.

tive sizes. On the other hand, the SO population shows the
lowest average (60.5%) among all the human populations
studied. This population has several high-frequency alleles
that are not shared by other populations.

Table 2 shows the heterozygosity levels over all loci, as
well as the average heterozygosity per locus (with their
respective standard errors), in the examined populations.
In general, the isolated (and presumably small) popula-
tions-for example, the PH, DG, and NG-have reduced
average heterozygosity at the (CA)n loci. Interestingly, these
populations also have a larger interlocus variability of het-
erozygosity levels. The smallest average heterozygosity,
48%, was observed in the PH population, with a range
over all loci of 11%-75%. The CH sample has an average
heterozygosity of 59%, with a range of 4%-88%. On the
other hand, sample with larger effective sizes-for exam-
ple, the SO, the two Caucasian populations, and the KA of
northeastern India-have larger average heterozygosities,
accompanied by a smaller interlocus variability. The largest
average heterozygosity, 79%, is observed in the SO sample
with a range of variability between 71% and 86%. These
results are consistent with the hypothesis that a small aver-
age heterozygosity, together with the large interlocus vari-
ability, is indicative of small effective population size, as is
evident in the samples of the CH, the PH, the DG, and
the NG.
The results of the tests for conformity to HWE are shown

in table 3 (for a description of the tests, see Populations
and Methods), in which only the empirical levels of
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Table 2

Observed and Expected Heterozygoses (%) at Eight (CA), Loci

Locus SA DG PH NG KA GR CP SO CH
FLT1:

Observed ..... 29.7 ± 4.4 21.5 ± 5.0 11.1 ± 3.0 46.9 ± 4.1 58.8 ± 6.8 28.4 ± 4.7 20.8 ± 4.6 79.5 ± 3.7 28.4 ± 4.7
Expected .............. 31.9 20.0 10.7 44.2 61.6 29.5 20.7 80.4 72.8*

D13S118:
Observed. 52.8 ± 4.8 78.5 ± 5.1 64.4 ± 4.6 42.8 ± 4.0 76.5 ± 6.2 78.1 ± 4.6 67.5 ± 5.1 77.2 ± 4.2 69.1 ± 4.8
Expected . 54.8 78.2 67.4 42.3 72.7 72.6 72.2 72.7 73.4

D13S121:
Observed . 57.7 ± 4.7 48.5 ± 6.2 35.8 ± 4.6 52.0 ± 4.0 77.6 ± 6.3 71.9 ± 4.6 78.2 ± 4.8 81.1 ± 3.5 80.8 ± 3.7
Expected . 57.0 48.7 36.7 53.4 73.3 71.9 76.7 83.9 87.7

D13S71:
Observed . 76.6 ± 4.2 41.2 ± 5.9 24.7 ± 5.4 57.2 ± 3.9 84.9 ± 6.2 73.5 ± 4.5 73.9 ± 5.3 77.3 ± 4.1 20.4 ± 4.0
Expected . 73.4 39.4 50.6* 58.0 71.1** 73.4 74.2 75.9 18.5

D13S122:
Observed. 87.0 ± 3.2 74.6 ± 5.7 63.6 ± 4.6 84.8 ± 3.0 78.0 ± 6.0 79.1 ± 4.2 87.0 ± 4.3 91.2 ± 3.2 57.3 ± 5.1
Expected .............. 87.5 71.2 62.9 85.0 76.7 80.4 83.3 86.2 62.4

D13S197:
Observed . 73.2 ± 4.4 66.7 ± 5.2 56.4 ± 4.7 73.4 ± 3.6 64.7 ± 6.2 71.3 ± 4.3 77.9 ± 3.8 76.9 ± 3.6 0.0 ± 2.6
Expected . 71.3 77.1* 54.5 77.1 73.1 78.0 87.4* 83.6* 3.7*

D13S193:
Observed. 84.7 ± 3.9 83.3 ± 5.2 75.7 ± 4.2 60.8 ± 4.0 74.4 ± 7.1 74.5 ± 4.4 71.1 ± 5.0 84.0 ± 4.0 70.3 ± 4.7
Expected . 78.5 76.9 74.6 63.5 72.6 76.8 74.0 78.7 71.9

D13S124:
Observed. 67.0 ± 4.6 19.1 ± 5.0 29.8 ± 4.9 54.1 ± 3.9 56.6 ± 6.8 63.3 ± 4.9 59.0 ± 5.3 74.8 ± 3.9 80.9 ± 4.1
Expected .64.8 21.4 27.3 55.0 58.8 60.3 66.9 70.7 81.9

Average:
Observed. 66.0 ± 1.6 53.9 ± 2.2 46.1 ± 1.7 58.7 ± 1.4 71.3 ± 2.3 67.5 ± 1.7 66.8 ± 1.9 80.1 ± 1.4 52.9 ± 1.9
Expected . 64.8 53.8 48.5 59.5 69.8 67.8 69.3 78.8 61.2

*P S .05.
** P s .05; observed heterozygosity > expected heterozygosity.

Table 3

Levels of Slgnificance of Departure from HWE by Two Test Procedures-Xz Analysis of Observed and Expected Number
of Heteroygotes and the Exact Test (E)

Locus Test SA DG PH NG KA GR CP SO

FLT1
X2 .51 .54 1.00 .40 .72 .55 100 .77
{E .65 1.00 1.00 .23 .14 .56 .63 .37

D13S118 .55 1.00 .47 .88 .59 .21 .33 .21
tE .01* .58 <.01* .93 .49 .74 .84 .01*

D13S121 .90 1.00 .84 .58 .49 1.00 .75 .39D152E .48 .54 .26 .32 .09 .32 .77 .14

D13S71 .41 .65 <.01 * .82 .03* 1.00 1.00 .69
tE .70 .22 <.01* .58 .12 .10 .25 .76

D13S122 .87 .55 .90 1.00 .86 .77 .39 .12D32 .E .54 .69 .01* .35 .75 .20 .54 .38

D13S197 .73 .04* .63 .28 .16 .09 .01* .05*
tE .02* <.01* .18 .72 <.01* .01* <.01* .32

D13S193 13 .23 .81 .46 .85 .57 .52 .16D39 .E .79 .23 .79 .91 .30 .05* .11 .25
D13S124 .67 .19 .44 .80 .74 .57 .11 .23

IE .68 .23 .73 .88 .93 .51 .19 .01*

* P = .05. The empirical levels of significance are based on 2,000 replications of allele shuffling.
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Table 4

Levels of Intra- and Interpopulation Variation at Eight (CA)n Loci
in Eight Human Populations

Locus F1s FST H

FLT1 ............. .0105 .1063 .3854
D13S118 ............. -.0174 .0860 .6403
D13S121 ............. -.0015 .0654 .5954
D13S71 ............. .0048 .1381 .6388
D13S122 ............. -.0132 .1211 .7818
D13S197 ............. .0526 .0809 .7282
D13S193 ............. .0374 .0683 .7448
D13S124 ............. -.0228 .1911 .5260

Total (GsT) .......... ... .1065 ...

significance (on the basis of 2,000 replications of permuta-
tions for each locus-population combination) are presented,
since the values of the statistics, by themselves, offer no

interpretation. For brevity, the results are shown for two
test procedures: the X2 test (which is based on contrasts of
observed and expected levels of heterozygosity at the loci)
and Guo and Thompson's (1992) exact test. The empirical
significance levels of the log-likelihood test (Weir 1991)
were nearly always similar to those of the exact test.

Several features of the basic results ofHWE are notewor-
thy. For example, when each locus-population combina-
tion is treated individually, at a 5% level of significance,
several populations show deviations from HWE. However,
significant departures from HWE are not consistently ob-
served at all of the loci in a single population, nor at any

single locus in all the populations. Of the total (over both
tests) of 17 significant (P < .05) deviations, 8 (47%) are

contributed by the D13S197 locus, which has a distinctive
repeat motif (described below). This leads to the question
of whether the observed deviations from HWE could be
explained by chance departure due to multiple testing
alone. For each population, the critical value, correspond-
ing to the 5% level of significance, is '-0.64%, after Bonfer-
roni correction of multiple testing (Weir 1991), since eight
independent tests were conducted for each population for
a particular test procedure. With correction for multiple
testing, by excluding the D13S197 locus, departure from
HWE is observed only in the PH population. Kinship com-
putation (data not shown) indicates that this discrepancy
is truly due to high levels of inbreeding in this population,
which is probably due to small effective population size.

In addition, we have computed the bias-adjusted FIS and
FST levels (Nei 1987) and the average heterozygosity for
the eight (CA)n repeat loci in the eight populations (table
4). The FIS, or inbreeding coefficient, represents the extent
of overall deviation from HWE. It is consistent with our

results on the direct tests of HWE that the locus D13S197
shows the largest deviation from HWE, having 5.3% more

homozygotes than expected. The FST can be understood as

the proportion of the total variation that can be ascribed

to differences between population allele frequencies. The
FST for these loci ranged from 6.5%, at D13S121, to
19.1%, at D13S124. The average FST (GST) is 10.6% and
is comparable to what has been reported, when traditional
genetic markers in the human species have been used (Nei
1987).

Results of allelic association between loci, studied by
pairwise independence of genotypic identities between indi-
viduals (a test developed by Risch and Devlin [1992] and
Morton et al. [1993]; for description, see Populations and
Methods), are shown in detail in the appendix (table A2).
In all, among the 252 locus-pair/population-combination
tests, 24 significant deviations from independence are ob-
served. Of these, 13 occur with pairs of loci that are placed
within 7 cM of each other, namely, D13S71, D13S122,
D13S197, and D13S193 (Matise et al. 1994). The
D13S197 locus is involved in 9 of 24 significant deviations.
Samples from small isolated populations (CH, PH, DG,
and NG) have accounted for 15 of these, as wgll. Like the
tests of HWE, multiple testing was also involved in these
tests. For each population, 28 locus-pair tests were per-
formed. With Bonferroni correction, at the 5% level for
individual tests, the adjusted critical level of significance
would have been .0018. Examination of detailed data from
the appendix (table A2) shows that, at this revised empirical
level of significance, only three pairwise tests (D13S121-
D13S122, D13S122-D13S197, and D13S122-D13S193,
all in PH) are significant. In other words, in spite of syntenic
location of these microsatellite loci, genotypic associations
are detectable only when the loci are closely linked (in our
case, within 7 cM of each other) and only in small isolated
populations.

Since extensive diversity (high heterozygosity and a large
number of alleles), conformity with HWE, and pairwise
genotypic independence across these microsatellite loci
have been shown, it is of interest to examine what main-
tains such polymorphisms and how new mutants arise at
such loci. Examination of conformity of the number of
alleles with their expectations based on gene diversity (het-
erozygosity) provides insight as to the probable mecha-
nisms of mutations (the rationale and description of such
tests are given in Populations and Methods). These results
are shown in table 5, where the observed number of alleles
and their expectations under the IAM and a single-step
stepwise mutation model (SMM) are presented. In all, sig-
nificant excess of allele numbers, in comparison with the
single-step SMM predictions, are noted at 18 of the 72
locus-population combinations. Of these, only five have
demonstrated significantly larger numbers of alleles, in
comparison with the IAM predictions. The nine locus-pop-
ulation combinations that showed significantly fewer alleles
in comparison with the IAM predictions are all within the
95% confidence limits of the SMM. In other words, of the
72 tests, 57 (79%) locus-population combinations of allele
frequency distributions are in conformity with the IAM,
while 54 (75%) are in conformity with the SMM. Only
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Table 6

Bias-Corrected Estimates of Genetic Distances Between Populations from Eight Microsatellite Loci

SA DG PH NG KA GR CP SO CH

SA .245 .169 .166 .120 .121 .155 .187 .711
DG ..... .346 ± .170 .101 .282 .187 .190 .186 .226 .697
PH ..... .231 ± .119 .097 ± .057 .255 .123 .131 .151 .225 .712
NG ..... .181 ± .089 .355 ± .149 .313 ± .136 .213 .222 .231 .242 .658
KA ..... .166 ± .062 .196 ± .068 .106 ± .026 .276 ± .128 .092 .112 .150 .643
GR ........ .156 + .068 .201 ± .082 .124 ± .044 .315 ± .137 .117 ± .025 .033 .168 .680
CP ..... .190 ± .074 .212 ± .081 .147 ± .054 .337 ± .133 .145 ± .026 .005 ± .008 .166 .667
SO ..... .170 ± .040 .295 ± .103 .281 ± .094 .279 ± .087 .169 ± .062 .238 ± .065 .259 ± .068 .539
CH ..... 1.822 ± .501 1.741 ± .498 1.901 ± .529 1.555 ± .443 1.527 ± .493 1.865 ± .506 1.860 ± .497 1.334 ± .375

NOTE.-DA values appear above diagonal; Ds values appear below diagonal.

five locus-populations combinations do not satisfy any of
these two mutation-model predictions (i.e., are significantly
larger than both model predictions). These occur in the
PH, GR, and CEPH parents, for the FLT1 locus; in PH
patients, for D13S121; and in the DG patients, for D13S71.
Allele frequency predictions for 44 of the 72 locus-popula-
tion combinations satisfy predictions of both mutation
models.
We have estimated genetic distance between the exam-

ined populations on the basis of eight (CA), repeat loci.
The results of the computations are shown in table 6, where
bias-corrected estimates of Nei's standard genetic distance
(Ds, below the diagonal; Nei 1972) and of modified Ca-
valli-Sforza distance (DA, above the diagonal; Nei et al.
1983) are presented. With respect to both measures, the
chimpanzees are the most distant from all of the human
populations, though, in relative terms, the human-chim-
panzee distance does not correspond to the evolutionary
time of interspecies comparison, when calibrated against
the distances between all human populations (Deka et al.
1994).

Neighbor-joining trees (Saitou and Nei 1987) con-
structed from these distances (fig. 2), rooted by using the
CH population as an outgroup, show that the SO popula-
tion is the furthest from all other human populations. The
CEPH parent sample is the closest to the GR population
(the distance probably is statistically insignificant, judged
from the standard error computations of Ds in table 6).
The two trees are consistent to a large degree, except for
the relative clustering of the two populations from the Pa-
cific region (SA and NG). Indeed, the node separating the
NG population from the remaining populations (except
the SO) in the Ds tree is not significant (which is reflected
by the low bootstrap value). In spite of these observations,
the position of the Caucasians (GR and CEPH parents) in
these trees is not anthropologically convincing, possible
reasons for which are discussed below.
Discussion
The analyses of the eight microsatellite (CA), loci pre-

sented here have several distinctive features, in comparison

with the few published reports in this area. For example,
Bowcock et al. (1994) used a set of 30 (CA), repeat loci
to study the evolutionary relationships of 14 human popu-
lations. However, the sample sizes used in their study (148
individuals in total, giving 10 individuals/population) are
too small to provide reliable estimates of allele frequencies
(Chakraborty 1992). Even if their evolutionary inferences
are correct, data from such small samples cannot fully char-
acterize the extent of polymorphism (in terms of number
of alleles and/or allele sharing), because of the low power
of discrimination of the predictions from the two mutation
models (Jin 1994).

While Bowcock et al. (1994) did not address the issue
of mutation mechanisms at such loci, Di Rienzo et al.
(1994) used 10 microsatellite loci to suggest that several
microsatellite loci may follow a multistep SMM. Their sam-
ple sizes (46 Sardinians, 46 Egyptians, and 25 Africans)
were small, and, their African sample came from at least
nine different countries. With such heterogenous samples,
their observed deviation from a single-step SMM can possi-
bly be explained by population substructuring, rather than
the multistep mutation mechanisms that they have advo-
cated. In contrast, our results on mutation-model fitting
offer an interesting insight. Of the 72 locus-population
combinations, 44 fit both mutation models (IAM and
SMM). Statistical congruence with the IAM prediction,
however, does not negate the possibility of a "multistep"
mutation mechanism (Li 1976b; Chakraborty et al. 1980).
Only five locus-population combinations show a significant
excess number of alleles, in comparison with the predic-
tions of both models. As mentioned earlier, the FLT1 locus
is responsible for three of these departures (in PH and GR
and in CEPH parents), while D13S121 in PH and D13S71
in DG constitute the other two discrepant cases. Our pre-
dictions from both mutation models are based on muta-
tion-drift balance; however, an observed excess number of
alleles may be caused by recent expansion of population
size. We believe that this probably is not the most likely
cause. Closer examination of the allele size data (appendix
table Al) shows that, in spite of the fact that all loci have
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DA

.063

.034

GR

cP

DG

PH

KA

.048

.056

.149

.924

.010

SA

NG

so

CH

Figure 2 Neighbor-joining trees for the examined populations, based on DA and Ds values. Branch lengths are not to scale. Bootstrap values,
indicating the degree of support for each branch point, are shown below the line, as the percent of all replicates consistent with each branch point.

been labeled as (CA)n repeats, allele size alterations at such
loci may involve insertion/deletion of single nucleotides or

other, more-complex phenomena. For example, at the
FLT1 locus in several populations (e.g., GR and CEPH
parents) and at the D13S71 locus in DG and PH, the allele
sizes are not always in increments of 2 bp, suggesting the
existence of one or more 1-bp insertion/deletion polymor-
phisms. In addition, the D13S197 locus has a complex
motif, where the CA repeat sequences are interrupted by
an array of GC repeats. Hong et al. (1993) sequenced a

presumed 25-repeat allele at this locus and detected a motif
of (CA)5(GC)8(CA)12. In other words, such imperfect motifs
can cause disruption of allele size ladders, even if a molecu-
lar mechanism such as replication slippage is the predomi-
nant mechanism for the generation of new alleles. For such
loci, dissection of alleles of different sizes would be needed
to provide a better insight of the mutation mechanism,
because it has been shown that microsatellite loci that are

adjacent or close to each other show an excess of alleles
(haplotypes) when the fine structure of the alleles at individ-
ual loci is ignored (Pena et al. 1994). Furthermore, three
of the five discrepant locus-population combinations occur

in two of the isolated populations (DG and PH), where
small effective size could have caused the deviation. Recall
that evidence of inbreeding due to limited effective size of
the PH population is also found in HWE tests (table 3).

This study, as well as those of Bowcock et al. (1994)
and Di Rienzo et al. (1994), addresses the evolutionary
relationships among populations, using microsatellite loci,
in terms of genetic distances and/or Wright's FsT index.
Results shown in figure 2, in conjunction with the general
conclusions of Bowcock et al. (1994), indicate that the

microsatellite loci are not only useful for such evolutionary
studies but do indeed provide resolution beyond the power
of traditional blood-group and protein loci.

In summary, we conclude that the (CA). repeat loci have
a greater diversity of allele frequencies across populations,
in comparison with the minisatellite loci that are used in
forensics (Budowle et al. 1991). The SO population has the
largest degree of polymorphism, both in terms ofnumber of
alleles and in terms of locus heterozygosity. Conformity
with HWE is generally observed, unless (a) a population
is isolated and/or has a small effective size or (b) the in-
volved locus has an imperfect or complex repeat motif.
Hypervariability at microsatellite loci appears to produce
a considerable degree of genotypic independence across
loci, unless the loci are closely linked. Indeed, in a total
sample of >800 individuals included in this study, we did
not find any duplicate eight-locus genotypes, in spite of the
fact that all loci are syntenic. A strict single-step SMM
model of mutations may not be appropriate for all (CA)n
repeat loci, as evidenced by 25% (18 of 72) of the locus-
population combinations examined here. Recall that the
IAM predictions can be regarded as approximations of a
multistep SMM when the average number of allelic step
changes by a single mutation is large (Chakraborty and
Nei 1982). Genetic divergence between populations is also
adequately reflected by the allele frequency differences be-
tween populations at such loci. This is consistent with other
findings, as well (Bowcock et al. 1994; Deka et al. 1994).
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Appendix
Table Al

Allele Frequencies (x 1,000) at Eight (CA) Repeat Loci

Locus and Allele SA DG PH NG KA GR CP SO CH

FLT1:
156 ...............................

158 ...............................

160 ...............................

164 ...............................

166 ...............................

167 ...............................

168 ...............................

170 ...............................

172 ...............................

174 ...............................

176 ...............................

178 ...............................

180 ...............................

182 ...............................

184 ...............................

186 ...............................

188 ...............................

190 ...............................

200 ...............................

Chromosome Data

No. of chromosomes .........

Locus and Allele

D13S118:
176 ...............................

180 ...............................

182 ...............................

184 ...............................

186 ...............................

188 ...............................

190 ...............................

192 ...............................

194 ...............................

196 ...............................

198 ...............................

200 ...............................

Chromosome Data

No. of Chromosomes ........

0

0

0

0

0

0

806
9
0

0

0

0

5
180

0

0

0

0

0

0

0

0

0

0

0

892
0

54
0

0

0

54
0

0

0

0

0

0

0

0

0

0

0

0

944
0

0

32
0

0

0

23
0

0

0

0

0

0

0

0

0

7
0

710
28
0

0

0

0

17
231

7
0

0

0

0

222 130 216 290

0

0

0

0

0

0

648
S

134
88
83
42

0

0

0

0

0

69
269
46
300
92

215
8

0

0

0

0

0

29
505
10

117
107
233

0

0

0

0

0

89
0

750
49
26
0

69
16

0

0

0

0

0

0

559
59
0

0

0

49
10

264
29
0

0

10
20

0

0

0

0

32
5

837
37
16
0

0

0

0

58
5
5
5
0

0

0

0

0

0

6
6

890
32
0

0

0

6
0

45
0

13
0

0

0

4
0

0

0

26
0

389
43
60
90
4

34
47
90
132
73
4
4
0

102
45
28
28
0

0

0

23
11

318
398
40
0

6
0

0

0

0

0

176102 190 154 234

0

0

0

0

0

157
441
10

167
10

176
39

0

0

0

0

16
104
224

0

427
31

182
16

0

0

0

0

39
130
234
19

442
13

117
6

0

0

0

48
35

158
469
35
39
35
149
31

6
42

256
65

393
208
30
0

0

0

0

0

216 130 206 304 102 192 154 228 168
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Table Al (continued)

Locus and Allele SA DG PH NG KA GR CP SO CH

D13S121:
150 .................................
154 .................................
156 .................................
158 .................................
160 .................................
162 .................................
164 .................................
166 .................................
168 .................................
170 .................................
172 .................................
174 .................................
176 .................................
178 .................................
180 .................................

Chromosome Data

No. of Chromosomes .........

Locus and Allele

D13S71:
67 ...................................
69 ...................................
70 ...................................
71 ...................................
72 ...................................
73 ...................................
74 ...................................
75 ...................................
77 ...................................
79 ...................................
81 ...................................

Chromosome Data

No. of Chromosomes .........

Locus and Allele

D13S122:
75 ...................................
77 ...................................
79 ...................................
81 ...................................
83 ...................................
85 ...................................
87 ...................................
89 ...................................
91 ...................................
93 ...................................
95 ...................................
81 ...................................

0
0
0
0
0
0
0

617
117
189
27
18
32
0
0

222

194
S
0
0
0

423
0

158
162
36
22

0
0
0
0
0
0

53
697
23
68
7

152
0
0
0

0
0
0
9
0
0
S

789
18
92
41
46
0
0
0

0
0
0
0
0
0
3

668
56
66
26
30

105
46
0

0
0
0
0
0

71
10

429
112
255
41
82
0
0
0

0
0
0
0
0

73
36

495
88
52
73

115
68
0
0

132 218 304 98 192

0
0
7

37
7

59
0

772
7

22
88

6
6
0
6
0

241
18

659
65
0
0

91
0
0
0
0

616
0

154
66
72
0

123
0
0
9
0

94
0

377
358
19
19

87
0
0
0
0

337
0

326
199
51
0

0
0
0
0
0

83
32

429
103
71
58

141
83
0
0

0
0
0
0

108
36
95

320
67
58
149
86
36
9

36

19
16
13
96
38
26
58
160
179
199
103
64
32
0
6

156 222 156

94
0
0
0
0

275
0

370
196
65
0

36
105

0
59
0

195
0

414
132
45
14

222 136 170 318 106 196 138 220

0
0
0
0
0
0

120
0

56
88

227
0

0
0
0
0
0
0
0
0
0
0

111
0

0
0
0
0
0
0

36
4
0
0

564
0

0
0
0
0
10
0
0

76
0

41
90
0

0
0
0
0
0
10

140
10
70
110
440

0

0
0
0
0

11
0

154
0

49
143
368

0

0
0
0
0

33
0

123
0

46
91

351
0

0
S
0

898
0

97
0
0
0
0
0

186

34
320
517
67
62
0
0
0
0
0
0

67

0
0
0
0
4
0

40
27
22
159
62
0

(continued)
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Table Al (continued)

Locus and Allele SA DG PH NG KA GR CP so CH

D13S122: (continued)
83 ..................
85 ..................
87 ..................
89 ..................
91 ..................

93 ..................

95 ..................
97 ..................
99 ..................
101 .................

103 .................

105 .................

107 .................
109 .................

111 .................

113 .................

Chromosome Data

No. of Chromosomes .....

Locus and Allele

D13S197:
87 ..................
97 ..................
98 ..................
99 ..................
101 .................

105 .................

109 .................

112 .................

118 .................

119 .................

120 .................

121 .................

122 .................

123 .................

124 .................

125 .................

126 .................

127 .................
128 .................

129 .................

130 .................
131 .................
132 .................

133 .................

134 .................
135 .................
136 .................
138 .................
139 .................
142 .................
145 .................

0
0

120
0

56
88

227
111
32
28
144
120
51
14
9
0

0
0
0
0
0
0

111
286

0
119
429
16
40
0
0
0

0
0

36
4
0
0

564
114

0
191
73
0

18
0
0
0

216 126 220

0
0
0
0
0
0
0
0
0
0
9
0

391
0

353
0
0
S
S
0

60
23
93
19
42
0
0
0
0
0
0

0
23
0
0
0
0
0
0
0
0
0

76
273
83

356
61

129
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0

614
0

259
0

118
0
0
0
0
0
9
0
0
0
0
0
0
0
0

10
0
0

76
0

41
90
0
0

79
107
255
207
103
24
7

0
10

140
10
70
110
440
20
0

so
60
0

40
50
0
0

11
0

154
0

49
143
368
22
22
44
115
44
11
11
6
0

33
0

123
0

46
91

351
71
39
46
91
71
32
6
0
0

4
0

40
27
22
159
62
66

142
217
186
62
9
0
4
0

62
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

290 100 182 154 226 178

0
65
0
0
0
0
0
0
0
0
3
0
3
0

144
0

47
0
3
0
3
0

119
0

349
0

263
0
0
0
0

0
10
0
0
10
0
0
0
0
0
0

20
412

0
294

0
127

0
20
10
0

39
29
10
20
0
0
0
0
0
0

S
117

0
S
0
0
0
S
S
S
0

32
319

0
319

0
27
0

37
0

16
0

27
11
21
0
0
0

48
0
0

0
163

6
13
0
0
0
0
6
0
6

13
234
91
175
52
58
6

52
13
6
0

26
6

13
0
6

39
6
6
0

0
0
0
0
0
0
0
0

32
0

83
14

278
19

250
9

120
32
28
0
S

37
28
19
23
14
S
0
0
0
S

0
0
0
0
0

981
19
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
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Table Al (continued)

Locus and Allele SA DG PH NG KA GR CP SO CH

Chromosome Data

No. of Chromosomes .........

Locus and Allele

D13S193:
119 .................................
123 .................................
125 .................................
127 .................................
129 .................................
131 .................................
133 .................................
134 .................................
135 .................................
137 .................................
139 .................................
141 .................................
143 .................................
145 .................................
146 .................................
147 .................................
149 .................................
151 .................................

Chromosome Data

No. of Chromosomes .........

Locus and Allele

D13S124:
177 .................................
179 .................................
181 .................................
183 .................................
185 .................................
187 .................................
189 .................................
191 .................................
193 .................................
195 .................................

Chromosome Data

No. of Chromosomes .........

216

0
0
0
0
0

315
257

0
0
0
0
0

54
104

0
99

171
0

222

60
0
0

353
459
128

0
0
0
0

132 220 278 102 188 154 216 108

0
0
0
0
0

265
326

0
61
0
0
0
0

189
0

144
0

15

0
0
0
0
9

238
173

0
0
0
0
0
5

164
0

378
33
0

0
0
0
0
0

143
546

0
52
0
0
0

28
213

0
7

10
0

0
0
0
0

13
218
423

0
26
0
0

13
13
51
0

231
13
0

0
0
0
0

11
170
133

0
0
0

11
21
37
64
11

409
122
11

0
0
0
0

46
151
132

0
7
0
7

26
13
53
0

454
111

0

5
0
0
5

80
236
354

0
127
28
9
5
0

24
0

108
14
9

S
16
11
5
0

352
5

385
88
27
11
22
0
0

60
5
0

132 214 286 78 188 152 212 182

0
0
0
0

88
882
29
0
0
0

0
0
0
0

155
839

0
6
0
0

0
0
0

69
384
547

0
0
0
0

0
0
0

104
292
566

0
9

28
0

0
0
0
5

469
418
15
51
41
0

0
0
6
0

442
353
32
103
64
0

0
7

43
180
471
183
32
61
22
0

0
191
39

208
129
275
96
0

51
11

218 136 168 318 106 196 156 278 178
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Table A2

Probabilities for Test of Pairwise Independence of Loci

Pairs of Loci SA DG PH NG KA GR CP SO CH

D13S118 .75 .20 .58 .83 .24 .60 .08 .39 .46
D13S121 .34 .47 .53 .67 .28 .41 .10 .56 .20
D13S71 .24 .57 .85 .62 .23 .39 .55 .50 .37

FLT1 ............... D13S122 .44 .93 .33 .60 .31 .13 .37 .79 .36
D13S197 .97 .71 .67 .74 .54 .41 .91 .70 .09
D13S193 .63 .72 .38 .41 .23 .64 .62 .06 .06
D13S124 .96 .45 .18 .18 .28 .02* .12 .54 .07

D13S121 .23 .53 .92 .68 .02* .51 .15 .92 .43
D13S71 .79 .31 .05* .63 .40 .84 .64 .23 1.00

D13S118
.........

JD13S122 .24 .16 .55 .04* .02* .35 .09 .79 .05*......... D13S197 .67 .54 .22 .68 .11 .26 .53 .44 .09
D13S193 .53 .32 .16 .69 .29 .41 .52 1.00 .64
D13S124 .86 .41 .92 .18 .20 .24 .02* .39 .11
D13S71 .67 .90 .43 .49 1.00 .96 .57 .55 .47
D13S122 .02* .92 <.01* .48 .23 .95 .21 .87 1.00

D13S121 ......... D13S197 .65 .33 .09 .56 .92 .36 .06 .87 .65
D13S193 .77 .47 .60 .99 .24 .95 .10 .63 .70
D13S124 .59 .99 .33 .94 .87 .14 .92 .85 .31

D13S122 1.00 .38 .01* .85 .82 .56 .21 .49 .35
D13S71

...........

D13S197 .01* .46 .04* .02* .60 .90 .33 .63 1.00D13S71 . .........D13S193 .01* .01* .43 .07 .26 .21 .90 .10 .65
D13S124 .43 .97 .06 .46 .91 .74 .20 .26 .54
D13S197 .38 .02* <.01* .04* .08 .01* .81 1.00 .05*

D13S122 ......... D13S193 .77 .01* <.01* .12 .27 .59 .45 .81 .01*
D13S124 1.00 .83 .90 .38 .92 .83 .32 .85 .76

D13S197 D13S193 .37 .22 .83 .12 .50 .75 .64 .40 .16
-- | D13S124 .29 .47 .69 .03* .22 .21 .15 .01* .25

D13S193 ......... D13S124 .59 .51 .009 .32 1.00 .30 .93 .21 .32
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